Abstract: Recent years have seen an increasing interest in exploring alternative techniques to conventional grinding methods such as fragmentation by high voltage discharges. Although pulsed power has already been applied to break down complex composite materials, there is currently no systematic comparison between different types of discharge regimes such as electrohydraulic and electrodynamic fragmentation. The aim of this work is to present such a comparison based on the electrohydraulic and electrodynamic fragmentation of copper indium diselenide (CIS) photovoltaic modules for potential indium recovery. High voltage discharges are performed in a process vessel filled with demineralized water at ambient conditions. After fragmentation, individual fractions are weighed, milled and the indium content is determined by X-ray fluorescence (XRF). Both the electrohydraulic and the electrodynamic approach are suitable to efficiently separate thin-film photovoltaic composite material into its constituent layers. The separation result is not dependent on the voltage level, but only on the total pulse energy applied. Since the generation of discharges with higher voltages requires a higher investment into plant properties such as insulation and generator, a comminution at lower voltages, i.e., electrohydraulic fragmentation, is preferable to electrodynamic fragmentation at higher voltages. To reveal the specific strengths of the two processes compared here, further comparative work with different composite materials is required.
Introduction
The separation requirements for recycling processes are steadily increasing due to the growing material diversity of modern products [1] , rising demands on recovery rates [2] as well as on the quality of recycled materials [1, 3] . Current separation techniques for material composites such as photovoltaic modules involve mechanical comminution and the subsequent use of aggressive chemicals and/or heat treatment [1] . Recent years have seen an increasing interest in exploring alternative comminution techniques such as fragmentation by high voltage discharges [4, 5] . The main advantage of electrodynamic fragmentation compared to mechanical comminution is its improved selectivity during the separation process, which can improve downstream process efficiency [6] . Although high voltage discharges have already been applied to break down complex composite materials, there is currently no systematic comparison between different types of pulsed power applications. The aim of this work is to present such a comparison based on the fragmentation of photovoltaic (PV) modules of type CIS (copper indium diselenide [7] [8] [9] ) as a model material.
Between 2000 and 2010, the capacity of PV modules installed globally rose from 1.4 to 40.7 GW, and the total mass of PV modules produced in 2010 amounts to 2.5 million tons [10] . With an estimated lifespan of 20 years, this same amount of obsolete PV modules will accrue by the year 2030 [11] . Since the production of PV is both cost and energy intensive [12] , there is a need for efficient recycling processes. A prerequisite for materials recycling is the proper separation of material composites. Current methods for the separation of PV modules use chemical, thermal and mechanical steps [13] . As an alternative, the use of high voltage discharges for the fragmentation of thin film CIS-PV panels in a process vessel filled with demineralized water is presented here. In a benchmark study, two different regimes of electrical discharge generation are compared, namely the electrodynamic and the electrohydraulic approach (see Table 1 ). Publications on the recycling potential of electrodynamic fragmentation focus on the comminution of concrete [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , separation of incinerator bottom ash [4, 6, 14, 15, 20] , disassembly of waste electrical equipment [6, 14, 15, [24] [25] [26] and separation of carbon fibre reinforced plastic [20, [27] [28] [29] . Publications on the recycling potential of electrohydraulic fragmentation include the removal of chromium electroplating layers [30] , disassembly of waste electrical equipment [30] and separation of carbon fibre reinforced plastic [31] . Market introduction of pulsed power facilities is being performed by SelFrag AG (SF; electrodynamic, Kerzers/Switzerland, established 2007 [32]) and ImpulsTec GmbH (IT; electrohydraulic, Dresden, Germany, established 2014 [33] ).
Materials and Methods
A thin-film PV module (type CIS, Würth Solar GmbH & Co. KG, Schwäbisch Hall, Germany, WS11007-75, thickness 6.4 mm) was cut into pieces of 22 × 22 mm using a conventional tile cutter (diamond cutting disc). The layer structure of CIS-PV comprises a film of EVA (ethylene-vinyl acetate, thickness 0.7 mm), which connects two glass support layers, each of 2.9 mm thickness. The CIS semiconductor layer (thickness approx. 2 µm) is enclosed between the EVA film and the glass support on the front side facing the light.
This sample material is fragmented by high voltage pulses from two different pulsed power generators (see Table 1 ). The electrodynamic fragmentation (EDF) was performed with a plant by SelFrag AG (Kerzers, Switzerland), located at Pforzheim University. The electrohydraulic fragmentation (EHF) was carried out at an in-house plant by ImpulsTec GmbH (Dresden, Germany). Table 1 shows the specifications of both plants used. Depending on the geometry, relative position and composition of the sample material, both plants perform a superposition of both EDF and EHF. SF generates primarily EDF and IT primarily EHF. The difference between EDF and EHF is illustrated in Figure 1 identifying EDF to occur with shorter pulses below approximately 500 ns, where the dielectric strength (E d ) of the solid sample material is found to be below the one of water. Applying a high enough voltage (U max ) within a sufficiently low pulse rise time of t Umax < 500 ns hence allows the subsequent discharge to penetrate through a solid material sample within the process water. Figure 2 shows sample current waveforms measured by a commercially available oscilloscope during discharges of the ImpulsTec installation. The curves at 30 and 40 kV exhibit the same time period. The current amplitude increases due to an increased discharge voltage from 30 to 40 kV. For discharges at 50 kV a different generator with a lower capacity was used. Therefore, the corresponding period is lower compared to waveforms at 30 and 40 kV. If it had been possible to do the 50 kV pulse experiments with the same experimental setup as for 30 and 40 kV, the period would have remained the same and the amplitude would have increased further. The SelFrag installation does not allow access to its control unit in order to record waveforms. In order to compare the two pulsed power generators used, individual experiments are performed with identical total pulse energy. Equation (1) displays the pulse energy E P of a plate capacitor with capacitance C and voltage U according to [34] :
Summing up all pulses (P) yields the total pulse energy (E P,tot ):
To achieve constant E P,tot for different C and U, the number of pulses P x is adjusted as follows:
To determine the value of E P,tot , P is iteratively increased at U = 30 kV until a pre-defined liberation value of L > 80% is reached. Liberation L is defined as the glass share which is removed from the PV sample material and hence does no longer adhere to the EVA layer. To determine L, both the mass of residual glass adhering to EVA (m glass on EVA ), as well as the total glass mass within the sample (m glass total ) have to be determined:
This results in a total pulse energy of E P,tot = 12 kJ for each individual experiment ( Figure 3 ). Each test series consists of five individual runs, with a sample mass of 100 g per run. In addition, two runs at 40 kV were performed using a capacitor with a smaller capacitance, reducing the energy of individual discharges from 600 J (E hi ) to 100 J (E lo , see Figure 3 ). The length of the error bars is twice the standard deviation with the center position at the mean value of the particular data set. While keeping both the initial mass (m 0 ) as well as the total pulse energy (E P,tot ) constant, the comminution energy amounts to approx. 120 J/g (Figure 3 ). In tests with the SF plant, the desired voltage was not reached. The desired and achieved voltage ranges are 140-200 kV (desired) versus 117-134 kV (achieved experimentally). According to SelFrag AG, the gas circuit fan was defective and hence was replaced in the meantime. This fan circulates nitrogen gas between capacitor plates within the pulse generator, thus removing burn-off particles between capacitor plates. A build-up of particles in the spark gaps between individual capacitor plates leads to a decrease in breakdown voltage. In order to keep E P,tot as constant as possible, the number of pulses was adapted to the average voltage reached during each specific experiment on a case-to-case basis (Figure 3) .
After comminution, the process vessel was emptied over two sieves of screen sizes 1 and 0.125 mm. The solid fragments were dried (Thermo Fisher Scientific, Karlsruhe, Germany , drying cabinet VT 6025, 30 min at 120 • C) and sieved (Retsch GmbH, Haan, Germany, AS 200 digit, sieving time 5 min, screen sizes in mm [0.125/0.18/0.25/0.5/1/2.5/4/6.3]). The process water was filtered (IDL, round filter type black, pore size 20 µm) and the filter paper was incinerated during 15 min at 600 • C (Carbolite Gero GmbH & Co. KG, Neuhausen, Germany, ashing furnace AAS 11/7). Four fractions were recovered: 1. process water, 2. solids from filter, 3. solids from sieve and 4. EVA film with residual solid adhesions. Subsequently, the individual solid fractions both from sieving and ashing were weighed (balance by Kern & Sohn GmbH, Balingen, Germany, ABT 220-5DM) and ground after immersion in liquid nitrogen (ultracentrifugal mill by Retsch GmbH, Haan, Germany, ZM200 with sieve insert of 250 µm mesh size). Finally, the indium concentration was determined by means of a mobile XRF device (X-ray fluorescence, Analyticon Instruments GmbH, Rosbach vor der Höhe, Germany, Niton XL2air, environmental test program with Cu/Zn). The XRF measurement program was calibrated in advance with a 3-point calibration by means of wet chemical analysis to determine the indium content (ICP-OES at Technische Universität Darmstadt, Darmstadt, Germany).
To measure the power consumption of an entire plant (E A,tot ), a current meter (PCE Deutschland GmbH, Meschede, Germany, Easycount-3-32-A) is interposed between the power supply and the plant. The standby consumption of each plant is measured overnight and subtracted from the total reading to quantify the power consumption due to the generation of discharges. The pulse efficiency η AP describes the conversion efficiency of plant energy to pulse energy: Figure 3 . Sample mass (m 0 , left-pointing triangles) and total pulse energy (E P,tot , right-pointing triangles) were kept constant for all test series. The abscissa holds increasing voltage levels, generated with the two plants by ImpulsTec (IT) and SelFrag (SF).
Results

Median Particle Size
The energy of individual discharges varies depending on the voltage and capacitance used (Equation (1)), ranging from E P = 100 J/P to 625 J/P. The resulting fragmentation decreases the sample size from an initial 22 × 22 × 6.4 mm down to a median particle size (D 50 ) of 0.75 to 1.29 mm (Figure 4) . Figure 5b shows the sum of indium to be found in the particle size fractions. This figure was determined by multiplication of the mass (Figure 5a ) with the indium concentration ( Figure 6 ) of individual particle size fractions. The distribution of the indium contents across the four fractions of process water (aq.), filter content, sieve content and residual adhesion on top of the EVA film is shown in Figure 7 . The fraction dissolved in the process water is not visible in Figure 7 due to the low values of 0.1-0.2%. 
Distribution of Mass and Indium Content
Liberation
In Figure 8a , the liberation L (Equation (4)) of different test series is compared with the residual indium mass mIn EVA still adhering to EVA foil segments. Figure 8b shows the relationship between L and D 50 . Figure 9 shows the relationship between L and E P . 
Recovery and Efficiency
The recovery rate of indium after fragmentation is shown in Figure 10a . The pulse efficiency (η AP ) at specific voltage levels is shown in Figure 10b . η AP is used to compare the two installations used. 
Discussion
As can be seen in Figure 4 , lower values for D 50 were achieved by fragmentation at low single discharge energy E P and thus higher number of discharges P. Hence, the comminution success of high voltage discharges onto PV panels is not primarily dependent on the intensity of individual discharges but rather on the amount of discharges and the total pulse energy introduced. This is probably due to the brittle nature of the glass being the main component of solar modules. The tendency of discharges with lower E P to reach higher L (Figure 9 ) is advantageous for separating thin film PV. The generation of as many low-E P discharges as possible can be achieved either by a lower capacitance or a lower voltage (Equation (1)). In Figure 4 the test series at 30 kV stands out from this trend with the maximum value of D 50 = 1.29 mm at E P = 340 J/P. This could be indicative of a lower comminution effect at discharges under a certain threshold voltage.
As expected, after fragmentation of PV the main share of indium is located in the fine particle fraction (<125 µm, Figure 5b ). After filtration and sieve analysis, the fine grain glass fraction contains 4-9% of the mass and 76-85% of the indium content of the ground PV. According to expectation, the three test series with the smallest values for D 50 and E P (40 kV E lo /140 kV/200 kV) contain the largest indium mass in the fine grain (Figure 5b ). This is another indication for a link between better comminution and lower energy of single discharges, corresponding to a higher number of discharges applied. As shown in Figure 6 , the In concentration of fine grain decreases from (30 kV/40 kV E hi /50 kV) over the test series with the SF plant to the tests with lower E P (40 kV E lo ) which simultaneously also reaches the lowest D 50 value (Figure 8b) . A possible correlation between the indium concentration in the fine grain and the median particle size D 50 could be an indication of progressive comminution of mostly pure glass (i.e., basically In free) particles, which are thus mixed with the semiconductor particles in the fine grain. Depending on the further use of comminution products, one could focus either on obtaining a filtrate with maximum concentration of precious semiconductor metals, or on the highest possible separation of metals such as indium from the material composite. The overall distribution of the indium contents ( Figure 7) gives a similar picture as in Figure 6 . The series of tests with the better comminution result (lower D 50 values) are capable of transferring a larger proportion of the indium originally attached to the EVA film into the filter fraction. Comminuting CIS-PV by means of high voltage discharges thus at the same time can concentrate the contained semiconductor metal indium in the fine grain as well as clean the coarse grain of such semiconductor material. With the exception of the D 50 value at 30 kV, no influence of the selected voltage on the comminution result was determined. The exposure appears rather to depend on the energy of individual discharges ( Figure 4 ). As shown in Figure 8a , the indium mass adhering to the EVA film after fragmentation decreases with increasing liberation L. Within the observed ranges of liberation values, the liberation gives a good approximation to determine the amount of semiconductor layer which was separated from a PV composite by means of high voltage discharges. Since the determination of L only requires the initial mass and the dry mass of EVA film pieces, the separation success can thus be determined much more easily and quickly. As shown in Figure 8b , the median grain size decreases with increasing liberation, which is to be expected with the progress of comminution.
The test series at 30 and 140 kV lead to an indium recovery rate of 81% and 83% respectively, which is lower than the remaining series of experiments, where 88% to 93% of initial indium were recovered (Figure 10a ). This may indicate initially higher handling losses, particularly in the case of the indium-rich fine fraction. The tests at 30 and 140 kV were the first test series performed at the IT and SF plants respectively. With 37-48% pulse efficiency, the IT plant at 30 and 40 kV is in the same range as the SF plant with values from 40% to 44% (Figure 10b) . The outlier at IT 50 kV with 87% is due to a different charging mechanism. Therefore, the measured values are in proximity of the theoretical efficiency maximum of a marx generator of 50%.
All data, code and resulting figures are accessible online as Supplementary Materials (see link below).
Conclusions
As a result of an experimental benchmark study, both the electrohydraulic as well as the electrodynamic method are suitable to efficiently separate thin-film PV composite material into its constituent layers. In this case, the separation result is not dependent on the voltage level, but only on the total pulse energy applied. Since the generation of discharges with higher voltages requires a higher investment into plant properties such as insulation and generator [15] , a comminution at lower voltages, i.e., electrohydraulic fragmentation (IT), is preferable to electrodynamic fragmentation (SF) at higher voltages. To reveal the specific strengths of the two processes compared here, further comparative work with different composite materials is required.
Supplementary Materials: The following are available online at http://www.mdpi.com/2313-4321/3/2/13/s1, data_and_code.zip.
